Introduction
[2] En route to Pluto, the New Horizons spacecraft flew past Jupiter in early 2007, where it repeatedly observed variations in the mean plasma energy that have been interpreted as plasmoid-like structures moving down the Jovian magnetotail . The plasma instrument observed intermittent high-energy structures approximately once every 3-4 days during the entire pass down the length of the tail (∼2000 R J ). Plasmoid-like structures and flow bursts also were observed by the Galileo spacecraft, which recorded plasma bursts in the energetic particles at around 100 R J in the magnetotail with periods of 2-3 days Woch et al., 1998; Woch and Lagg, 2002] . Louarn et al. [2000] found energetic events in the plasma wave data with similar periods. However, Vogt et al. [2010] examined the magnetic field changes during 249 events with signatures consistent with reconnection but could not find a characteristic periodicity that was statistically significant. Kronberg et al. [2005] have argued that the quasiperiodic phenomena observed in the energetic particles were dominated by Jupiter's internal processes, and in particular, by the centrifugal force rather than the solar wind. The basic theory behind their suggestion, originally discussed by Vasyliunas [1983] , is that inertial reconnection of stretched rotating field lines can be important at Jupiter. also argue for inertial reconnection. Nishida [1983] found magnetic reconnection signatures in the Voyager observations while Russell et al. [1998] found evidence for reconnection in the Galileo magnetic record. Frank et al. [2002] reported plasma outflows and heating at 100 R J in the tail that are consistent with reconnection.
[3] Two models for the effects of the solar wind and IMF have been presented. Cowley and colleagues [Cowley et al., 2003, 2008, and references therein] have argued for an Earth like "Dungey cycle" in which open magnetic flux from dayside reconnection is transported to the tail and then returns to the dayside after plasma sheet reconnection. Bagenal [2007, 2008] argue that the vast size of Jupiter's magnetosphere mandates a different mechanism to return the flux. They argue that ejection of Iogenic plasma tailward opposes Jupiterward motion of closed field lines. They further argue that flux tubes opened for northward IMF by dayside reconnection can be closed by reconnection at the poles for southward IMF. Cowley et al. [2008] noted that once lobe field lines reconnect, flow back to the planet will not be hindered by nearby down tail flow.
[4] In an earlier simulation study with a short (600 R J ) tail we found similar periodic phenomena [Fukazawa et al., 2005] . We suggested that both internal processes and solar wind driving were important for those tailward injections and that they resulted from a balance between corotation and reconnection [Fukazawa et al., 2006] . In particular we argued that for sufficiently small dynamic pressure and northward IMF, reconnected flux tubes could drift around Jupiter and participate in reconnection a second time. The periods varied between 20 h and 56 h.
[5] Recently Hill et al. [2009] analyzed New Horizons energetic particle (PEPSSI) data during the distant tail pass. They found sulfur rich energetic ions in the tail with periods of 4-5 days. They estimated that events observed in the center of the tail had a common source at about 150 R J. In some of the events they found evidence for filamentary structures. Finally, they found that events observed near the magnetopause may have had a different source than those observed nearer the center.
[6] In this paper, we present the results from a series of magnetohydrodynamic (MHD) simulations of the Jovian magnetosphere designed to investigate the periodic phenomena observed by New Horizons. We simulate several solar wind conditions to determine whether the solar wind affects the periodic phenomena. We describe the simulation model and conditions in section 2, followed by the simulation results for the long Jovian magnetotail in section 3. In section 4, we discuss the periodic phenomena observed by New Horizons and finally present a short summary in section 5.
Simulation Parameters
[7] Our simulation model for Jupiter's magnetosphere has been described by Ogino et al. [1998] and Fukazawa et al. [2006] . In this section, we briefly review the model and show how it differs from previous versions.
[8] Initially, we launch an unmagnetized solar wind with a dynamic pressure of rv sw 2 = 0.75 nPa (v sw = 300 km s
) and a temperature of 2 × 10 5 K from the upstream boundary of the simulation box and solve the resistive MHD equations as an initial value problem using the modified leapfrog method described by Ogino et al. [1992] .
[9] The Jovian magnetosphere is modeled on a 1202 × 402 × 202 point Cartesian grid with grid spacings of 1.5 R J . In the simulation, the magnetic field (B), velocity (v), mass density (r), and thermal pressure (p) are maintained at solar wind values at the upstream boundary (x = 300 R J ), while free boundary conditions allowing waves and plasma to freely leave the system are used at the downstream (x = −1500 R J ), side (y = ±300 R J ), and top (z = 300 R J ) boundaries. Symmetry boundary conditions are used at the equator (z = 0) and the dipole tilt is set to zero to save computing time and reduce the size of simulation output since it allows us to reduce the size of the simulation box by a factor of two. At the inner magnetosphere boundary, all of the simulation parameters (B, v, r, and p) are fixed for r < 15 R J . The simulation quantities are connected with the inner boundary through a smooth transition region (15 < r < 21 R J ). For r < 21 R J each parameter ' was calculated by using
where ' ex (r, t) is the value from the simulation and ' in (r) is the value from the initial model. The value of f depends only on the radial position and is given by
where a 0 = 30 R J and [10] The numerical stability criterion is v g max Dt/Dx < 1, where the maximum group velocity in the calculation domain is v g max , and Dt is the time step. Since the Alfvén velocity becomes very large near Jupiter, we place the inner boundary of the simulation at 15 R J to keep Dt from getting too small. The simulation parameters are fixed at the inner boundary. In particular, the velocity is purely rotational and the pressure and density are set to values determined from the Voyager 1 flyby [Belcher, 1983] . The initial pressure, density, and temperature of the plasmas from the ionosphere and inner magnetosphere were determined by assuming a hydrostatic equilibrium in the absence of a magnetic field and rotation [Ogino et al., 1998 ]:
where g 0 is the coefficient of gravity, p is the pressure, r is the mass density, and r is the radial distance from Jupiter in Jovian radius. If we assume T = T 0 r l and m = m 0 r −k where l and k are positive, then a hydrostatic solution with r = r 0 exp/r l+k and p = p 0 exp is obtained by using p = rT/m = p 0 rr l+k /r 0 where m is the effective mass per ion, T is the temperature, ≡ s((1/r l+k+1 ) − 1) and s ≡ r 0 g 0 /(p 0 (l + k + 1)). The density is normalized by n 0 = 1 so that r 0 = m 0 n 0 = m 0 . The functional forms for T(r) and m(r), and therefore r(r) and p(r) are chosen so that the model temperature and mass density have a radial dependence like that observed in the inner magnetosphere on Voyager 1 [Belcher, 1983] . The model parameters were adjusted to fit the Voyager 1 observations and by assuming pressure balance between the Jovian plasma and the solar wind ram pressure (0.75 nPa) at r mp = 52.5 R J beyond which r and p were set to solar wind values. The parameters used for the initial Jovian plasma are given by the following values: l = 0.378, k = 0.493, m 0 = 7.04, s = 9.41. The plasma has rotational speed and moves radially outward. In particular we control the inner plasma source rate by using a combination of r 0 and the number density indices (l and k). The magnetic field is fixed to values from Jupiter's internal dipole. In the simulations used in this report, 2.4 × 10 29 AMU s −1 (∼400 kg s −1 ) pass through a surface at 22.5 R J into the Jovian system. This value is somewhat lower than the estimate by Hill et al. [1983] but it is within the range of expected values.
[11] In Figure 1 we have plotted the solar wind conditions used in this simulation. The horizontal axis represents time and the vertical axes give the dynamic pressure and the interplanetary magnetic field (IMF) B Z component. Five sets of solar wind conditions were employed: (1) northward IMF (0.315 nT) and medium dynamic pressure (0.045 nPa), (2) southward IMF (−0.315 nT) and medium dynamic pressure, (3) no IMF and dynamic pressure which oscillates between 0.023 nPa and 0.09 nPa, (4) low northward IMF (0.105 nT) and dynamic pressure (0.011 nPa), and (5) oscillating IMF (±0.105 nT) with a 10 h period and low dynamic pressure (0.011 nPa). We changed the dynamic pressure by changing the solar wind density. During the last 120 h of condition 2 and the last 120 h of condition 3, we can see the changes in the dynamics solely produced by internal effects. The interval in condition 2 was run with a dynamic pressure of 0.090 nPa, while in condition 3 we ran with a dynamic pressure 0.023 nPa for 60 h and 0.011 nPa for 60 h.
[12] Ogino et al.
[1998] discussed the configuration of the simulated magnetic field. However, they did not show a basic comparison between the spatial distribution of plasma parameters from the simulation and observations. Here we present the basic plasma distribution for some solar wind conditions and compare the results with observations. To compare the simulation results with observations we show snapshots of distributions of plasma parameters (density, pressure and magnetic field) in the simulation along the Sun-Jupiter meridian and along the dawn-dusk meridian in Figures 2, 3, and 4 and observations from Frank et al. [Joy et al., 2002] . We selected smaller than average solar wind parameters for this study because similar parameters yielded tailward moving structures in the work of Fukazawa et al. [2006] . For this range of solar wind dynamic pressures and IMF, values of the thermal pressure and density in the magnetosphere vary by a factor 10. Since the actual solar wind parameters at Jupiter at the time of these observations are not known, we should not expect to exactly reproduce the observations. However, in Figures 2, 3 , and 4 we show the results from three simulations including one with P dyn = 0.0675 nPa and B zIMF = −0.84 nT. These are slightly smaller than the average solar wind conditions at Jupiter's orbit [Joy et al., 2002] and give us a "typical" configuration of the magnetosphere, which can help in the comparison of simulations with observations. Note we calculated the density in the magnetosphere by assuming that the ions have an average mass of 20 AMU. In Figures 2, 3 , and 4 we compare the simulation results with plots of the range of densities and thermal pressures observed by Galileo on the G8 orbit of Jupiter that went approximately 100 R J down the tail (these observations come from Frank et al. [2002, Figures 7 and 8] ). In Figures 2 and 3 we have plotted the pressure and density results from the three sets of solar wind parameters. They cover the range of values observed on Galileo. The results from these runs bracket the range of densities and pressures observed on Galileo. We also compared the minimum magnetic field observed by Galileo on the G8 orbit with the equatorial values from the simulation (Figure 4) . The values Figure 5 shows the B'/(rBr) as a color spectrum on the equatorial plane. The simulation results are for the average solar wind conditions while the model is based on various solar wind conditions. The distribution of simulation results is very similar to the model around the dawn and dusk sides except close to Jupiter on the dusk side where the simulation shows less bend back than the model of Khurana and Schwarzl [2005] .
Simulation Results
[13] Figure 6 shows snapshots of the simulation under the five different conditions. Movies 6-10 show the magnitude of magnetic field (top) plasma temperature and flow vectors (bottom) in the meridian plane (left) and cross section at 1500 R J (right) for condition 1-5. Under condition 1 after the solar wind with dynamic pressure of 0.045 nPa and a northward IMF of 0.315 nT interacted with Jupiter, a single plasmoid-like structure was formed by tail reconnection on closed field lines. Subsequently it was ejected tailward. This can be seen in Figure 6 (top). We subsequently doubled the dynamic pressure but did not obtain any additional plasmoids. We then turned the IMF southward (condition 2). Now the reconnection was at high latitudes tailward of the polar cusp. Slowly the magnetosphere evolved toward a closed magnetosphere. Next, IMF B Z was set to zero, and under these conditions, only one plasmoid was ejected, as shown in Figure 6 (panel 2) at t = 906 h. This plasmoid was caused by Jovian internal processes [Vasyliunas, 1983] since there was no dayside reconnection. Under condition 3, we added oscillations to the dynamic pressure, which changed the configuration of the magnetosphere but did not lead to the ejection of plasmoid-like structures (see Figure 6 , panel 3). Next we set the dynamic pressure to 0.023 nPa and then 0.011 nPa without an IMF. Under these conditions of zero IMF B Z with low dynamic pressures, we see primarily internal effects. A single plasmoid formed but periodic plasmoids were not seen in this set of calculations. We found similar results from inertial reconnection calculations in our previous shorter tail simulations [Fukazawa et al., 2006] . In addition to these simulations, we ran an extra simulation without IMF and low dynamic pressure lasting 300 h to see any possible internal effects. We obtained one plasmoid, but we did not see periodic plasmoids in the simulation. When we added a small northward IMF (condition 4) in addition to the low dynamic pressure we observed periodic plasmoid ejections down the tail at intervals of approximately 55 h. The tailward velocity was ∼275 km s −1 . These are the conditions under which we found periodic plasmoid ejections in the work of Fukazawa et al. [2006] . These results confirm that these solar wind conditions can lead to periodic plasmoid-like features moving into the distant tail. The plasmoids were found from x∼ −100 R J in the tail to the end of the simulation domain at x = −1500 R J. Figure 6 (panel 4) shows two of these structures. Periodic plasmoid ejections also occurred under condition 5. This will be discussed in section 4.2.
[14] Under condition 1, we obtained only one plasmoid. Under condition 2, high-latitude reconnection begins to close the magnetosphere and we found only one plasmoid when the southward IMF was increased to zero. Under condition 3, no plasmoids were ejected, rather the entire magnetosphere oscillated. Under condition 4, however, periodic plasmoid ejection occurred. These simulation results suggest that the Jovian magnetosphere is significantly affected by the solar wind and in particular, that the IMF affects magnetospheric dynamics.
Discussion

No Periodic Plasmoid Ejections
[15] In the simulation, we find high-latitude reconnection when the IMF turns southward under condition 3 or during the southward intervals when the IMF is rotated. Figure 7 shows the plasma temperature and magnetic field vectors in the noon-midnight meridian (xz) plane at t = 651 h during condition 2. Here the reconnected magnetic field lines at high latitudes convect tailward. This may correspond to the high-energy structures at high latitudes observed in the Jovian magnetotail by New Horizons. Only a single magnetic island formed at high latitude in the case with constant southward IMF. The plasmoid-like structures observed at high latitudes by New Horizons may be related to similar structures formed under a variable IMF.
[16] As noted above oscillations in the solar wind dynamic pressure also can lead to periodic phenomena in the magnetotail. Typical solar wind variations at Jupiter's orbit can be inferred from Ulysses observations. Tao et al. [2005] discuss how the solar wind dynamic pressure at Jupiter's orbit behaves based on an MHD simulation of the solar wind that they compared with Ulysses observations. They found a large number of high dynamic pressure events. In 1998 and 1999 Ulysses observed several pressure enhancements a month when the spacecraft was located around 5 AU. These observations cannot be compared directly with Galileo observations at this time since Ulysses was on the opposite side of the Sun from Jupiter. However, it seems probable that changes in the solar wind pressure analogous to those in our simulation 3 can occur at Jupiter. However, the changes in the magnetotail resulting from changes in the dynamic pressure are not plasmoid-like. Figure 8 shows the simulation results along the Sun-Jupiter line for the oscillating solar wind pressure (Figure 8, left) and periodic plasmoid ejections in case 4 (Figure 8, right) . In addition to the oscillations in the plasma pressure, the magnetic field (B Z ) and plasma velocity (V X and V Y ) also show periodic changes (see the condition 3 in Movies 3 and 8 from 1023 h to 1203 h). The main difference between the plasmoid results and those from the oscillating dynamic pressure is that in the case of plasmoid injections, the northsouth component of the magnetic field oscillates from positive to negative. While we cannot rule out pressure variations based on the New Horizons observations, the plasmoid like structures observed on Galileo Krupp et al., 1998 ], have magnetic field changes consistent with plasmoid ejection down the tail [Russell et al., 1998; Vogt et al., 2010] . In our simulations without an IMF there were three intervals with constant dynamic pressure (Figure 1 and Movies 2, 3, 7, and 8 from 603 h to 723 h and from 1203 h to 1323 h). For a dynamic pressure of 0.090 nPa only a single plasmoid was generated by inertial reconnection. Another plasmoid was found when we lowered the pressure (between 1203 and 1323 h) with zero IMF. Multiple plasmoids did not form in our calculations with a northward IMF (0.315 nT) and high dynamic pressure (0.045 nPa). This is consistent with the finding of Fukazawa et al. [2006] that multiple plasma plasmoids required small dynamic pressure.
Periodic Plasmoid Ejections
[17] The New Horizons spacecraft observed quasiperiodic variations in the mean plasma energy with periods of 3-4 days and velocities of 140-760 km s −1 (H + ) at distances from 600 R J to 2000 R J down the tail. In addition, these structures were found not only around the equatorial plane but also occasionally at high latitudes . One interpretation of the changes in the mean plasma energy is that they are plasmoids caused by reconnection Jupiterward of the spacecraft that are moving tailward . In the simulation, periodic plasmoid ejection occurred only under conditions 4 and 5 (discussed below). The resulting plasmoid-like structures (periodicity, speed, and location) were similar to those of the observed structures. In the simulation results, this periodic phenomenon is controlled by the balance between the size of the plasma corotation region and the location of tail reconnection, which in turn are controlled by the northward IMF and solar wind dynamic pressure [Fukazawa et al., 2006] . In addition we demonstrated in our simulation that tailward moving enhancements in the plasma temperature also could arise from pressure pulses in the solar wind.
[18] Although the IMF at Jupiter can keep one orientation for many hours [Walker et al., 2001] , it is improbable that it would remain northward for the entire New Horizons tail pass. In addition at Jupiter, the IMF B Y is the dominant component and not IMF B Z . Figure 9 shows a simple picture of magnetic dipole tilt in the yz plane. The dipole field rotates with Jupiter and at two instants in time in each rotation, the direction of the dipole field B d will be like that in Figure 9 . Then a pure IMF B Y (blue arrow) will have components B Z ' and B Y ' with respect to the dipole axis. Thus, even a field that is completely in the Y direction will have a z component with respect to the dipole field (B Z '). As much as 16% of B Y is transformed into B Z ' in the simple dipole model in Figure 9 . Of course Jupiter's magnetospheric magnetic field is not a dipole; however, the dayside field is compressed by the solar wind and is more dipolar than the middle dayside magnetosphere that is dominated by the equatorial current sheet. The average value of B Y is 0.89 nT at Jupiter [Joy et al., 2002] . For this case B Z ' can be up to 0.135 nT. This value is almost the same as that required to obtain periodic plasmoid ejection in our simulation (B Z = 0.105 nT). Thus, intervals during which the magnetic field has a weak B Z component with respect to the dipole direction should occur frequently during at least part of a 10 h rotation. To investigate the effects of this projection, we carried out an additional simulation in which we reversed IMF B Z every 5 h. The parameters for this experiment have been plotted in the 1620 h to 1980 h interval of Figure 1 and the results of this numerical experiment are shown in Figure 6 (bottom) and Movies 5 and 10. Figure 6 (bottom) shows a snapshot with two plasmoids in the simulation box. In Movie 10 (top) for this part of the study the rotation of B Z is shown in the xz plane. Both the noon-midnight meridian and equatorial plasma temperature panels show the formation of plasmoid like structures with a much lower frequency than the 10 h periodicity in the input. Throughout the entire period one of these was created approximately every 100 h starting at 100 R J down the tail. These are similar to the New Horizon observations that have periods of 3-4 days or 4-5 days Hill et al., 2009] . The main effect of changing the direction of B Z every 5 h is to increase the period of plasmoid injection from ∼50 h to ∼100 h. This is caused by the decrease in the magnetic flux transport. Figure 10 (left) and Figure 10 (right) show time sequences of magnetic field lines under conditions 4 and 5, respectively. Each sequence covers 9 h. Although the configurations of magnetic field lines on the dayside seem to be dipolar, these are snapshots in xz plane viewed from the duskside. This obscures the actual configuration of field lines near noon. To better demonstrate the configuration we have plotted a snapshot at t = 1476 h looking from the north pole in Figure 11 . These magnetic field lines start from 80 degrees latitude at Jupiter and are plotted every 0.6 h in local time. A similar configuration is also shown by Ogino et al. [1998] . It seems that the field lines are bending around noon so the view of the magnetic field in a meridian plane seems to be dipolar. For constant northward IMF, magnetic reconnection at the subsolar point occurred and the magnetic flux was continuously convected into the tail. However, in the right hand panels it was intermittent. In Figure 10 subsolar reconnection was occurring at 1764 h but not at t = 1770 and 1773 h because at those times the IMF was southward and the reconnection had moved to high latitudes. In our earlier Jupiter simulations the shortest time for the IMF to influence tail reconnection was approximately 30 h (three rotation of Jupiter) [Fukazawa et al., 2006] , thus reversing the IMF B Z every 5 h does not change the overall configuration of the Jovian magnetosphere but affects the local configuration. In particular oscillating the IMF B Z with the Jovian rotation period decreased the amount of magnetic flux accumulated in the tail by factor of 2 and doubled the period of plasmoid ejection compared to case 4. Note that the alternating reconnection at high and low latitudes in condition 5 is very similar to the model proposed by .
Summary
[19] In this paper, we have presented the results from a MHD simulation of the Jovian magnetosphere that describes the distant tail. We ran five conditions and found that periodic plasmoids were ejected for relatively small values of northward IMF and dynamic pressure. They also occurred when we changed the direction of a small IMF with a 10 h period. For this case we found evidence that plasma sheet reconnection driven by short intervals of northward IMF can contribute quasiperiodic plasmoid-like structures to the distant tail. The simulation results are similar to the New Horizons observations. In our earlier study we found that periodic plasmoids were launched when the dynamic pressure and IMF were small enough that reconnected flux tubes could convect all of the way around the magnetosphere and reconnect again. Since we only need a small component of the IMF along the dipole direction the periodic ejection of plasmoids down the tail can occur even if the IMF is not maintained northward. The plasmoid ejections are controlled by the solar wind dynamic pressure provided there is some reconnection. When the IMF has a southward component reconnection occurs in the tail lobes and magnetic islands are formed however they are not periodic. For this condition plasmoid-like structures can occur at high latitudes. Finally when we turned off the IMF we found evidence for inertial reconnection. Thus, both 
